Abstract Using a lava flow emplacement model and a satellite-based land cover classification, we produce a map to allow assessment of the type and quantity of natural, agricultural and urban land cover at risk from lava flow invasion. The first step is to produce lava effusion rate contours, i.e., lines linking distances down a volcano's flank that a lava flow will likely extend if fed at a given effusion rate from a predetermined vent zone. This involves first identifying a vent mask and then running a downhill flow path model from the edge of every pixel around the vent mask perimeter to the edge of the DEM. To do this, we run a stochastic model whereby the flow path is projected 1,000 times from every pixel around the vent mask perimeter with random noise being added to the DEM with each run so that a slightly different flow path is generated with each run. The FLOWGO lava flow model is then run down each path, at a series of effusion rates, to determine likely run-out distance for channel-fed flow extending down each path. These results are used to plot effusion rate contours. Finally, effusion rate contours are projected onto a land classification map (produced from an ASTER image of Etna) to assess the type and amount of each land cover class falling within each contour. The resulting maps are designed to provide a quick look-up capability to assess the type of land at risk from lava extending from any location at a range of likely effusion rates. For our first (2,000 m) vent zone case used for Etna, we find a total of area of *680 km 2 is at risk from flows fed at 40 m 3 s -1 , of which *6 km 2 is urban, *150 km 2 is agriculture and *270 km 2 is grass/woodland. The model can also be run for specific cases, where we find that Etna's 1669 vent location, if active today, would likely inundate almost 11 km 2 of urban land, as well as 15.6 km 2 of agricultural land, including 9.5 km 2 of olive groves and 5.2 km 2 of vineyards and fruit/nut orchards.
channel-fed lava, erupted from any point around the edge of a pre-designated vent region, could extend at a given volume flux (effusion rate). Recently, FLOWGO has been updated, whereby the stochastic lava flow emplacement approach of Favalli et al. (2005) has been used to generate a family of potential flow paths extending from a designated vent, or vent region, to the edge of the DEM. This approach has been shown to produce a good approximation of the area impacted by real lava flows (e.g., Favalli et al. 2006) and is the basis of the DOWNFLOW model of Favalli et al. (2005) . Wright et al. (2008) showed that combination of the two models, with FLOWGO running to obtain the distance down each flow path a lava will likely extend, provides a good fit between modelled and actual lava flow inundation zones. For this, Wright et al. (2008 ) used Etna's 1991 eruption as a test case and satellite-derived, time-varying, lava discharge rates as an input. We use here the updated version of FLOWGO to produce effusion rate contours for Mt. Etna. Using Mt. Etna as an example, we show how model-generated effusion rate contours can be combined with satellite-derived land classification maps to assess, for a range of effusion rates and vent locations, the hazard posed by lava flow activity in terms of the type and area of land at risk from lava flow inundation.
Study site: Mt. Etna and lava flow hazard
Mt. Etna's lava flows cover an area of 1,260 km 2 ( Fig. 1 ). Effusive eruptions within this area have been frequent in historical times, with lava flows typically being fed from vent Fig. 1 Etna-shaded relief map with contours (spacing: 250 m), limit of Etna volcanics (yellow line) and sectors defined in this study (numbered zones separated by radial yellow lines). Urban areas located using our ASTER land classification are projected onto the map in brown, with the selected towns and cities in each sector labelled zones concentrated around Etna's summit, as well as in zones extending NE, S and W from the summit (Behncke et al. 2005) . Guest and Murray (1979) estimated that 200 km 2 of lava was erupted over the 400-year period between 1669 and 1979 to give an average resurfacing rate of 0.5 km 2 per year. At the same time, Etna's flanks are extensively cultivated with primary agricultural land uses being vineyards, orchards and olive plantations. In addition, a number of major towns and cities are located on Etna's flanks where, as of 2008, the population residing on Etna numbered almost one million (ISTAT 2008) to give a population density averaged across the entire edifice of 741 inhabitants per square kilometre. The frequency of effusive activity, high resurfacing rates, presence of extensive agricultural activities and large human population mean that lava flows often impact the human, and natural, populations.
These factors have led to several studies aimed at assessing and mapping the hazard posed by lava flow inundation at Etna (e.g., Guest and Murray 1979; Villari 1983; Forgione et al. 1989; Pareschi et al. 2000; Bisson et al. 2009 ), proposals to use lava flow emplacement models to map lava inundation hazard (e.g., Villari 1983; Damiani et al. 2006) , as well as actual model application to assess likely inundation zones and to produce probabilistic hazard and susceptibility maps (e.g., Wadge et al. 1994; Crisci et al. 1999 Crisci et al. , 2003 Crisci et al. , 2008 Favalli et al. 2009a; Crisci et al. 2010) . In addition, the wealth of data for effusive eruptions at Etna has made this location an excellent study site to test the performance of code designed to simulate lava flow emplacement. These have included the development and application of cellular automata models (e.g., Crisci et al. 1986; Barca et al. 1993; Del Negro et al. 2005) , including SCIARA (Crisci et al. 2004 ) and MAGFLOW (Alexis et al. 2009; Del Negro et al. 2008; Vicari et al. 2007 Vicari et al. , 2009 ). The LavaSIM code of Hidaka et al. (2005) has also been applied to simulate Etna's 2001 lava flows by Proietti et al. (2009) . In addition, more simple downhill spreading and flow path models have been built and applied using topographic data for Mt. Etna (e.g., Young and Wadge 1990; Barberi et al. 1993; Pareschi et al. 2000; Bisson et al. 2009 ). Indeed the two lava flow emplacement models combined here (DOWNFLOW and FLOWGO) were initially tested using historical eruption data from Mt. Etna Favalli et al. 2005; Wright et al. 2008) . This not only reflects the value of Etna as a perfect target for testing lava flow inundation simulations, but also means that any results will be of use for future hazard planning at Etna.
Land cover and population by elevation and sector
Three broad categories of land cover at risk from lava inundation can be defined on Etna: unvegetated (including urban zones and lava desert), natural vegetation and agriculture. The exact mix of land use that comprises each will vary depending on elevation and aspect.
Both natural vegetation and crops have altitudinal limits, so that Poli Marchese (1991) define three vegetation zones by altitude at Etna. The basal Mediterranean zone extends from sea level to 1,450 m and includes agricultural activities, chestnut woodland and deciduous oak. Above this, the Mediterranean mountain zone extends between 1,450 and 2,100 m, with the high Mediterranean zone covering land above 2,100 m. Above 2,950 m, barren volcanic desert extends to the volcano summit at *3,350 m. Within the lowest two zones, natural vegetation is dominated by woodland, whose characteristics are given in Table 1 . The dominant woodland types tend to be found across all sectors of the volcano, so that their distribution tends to be controlled mainly by altitude (Table 1) . Main cultivated species on Etna are fruits (including citrus), vines, olives and pistachio. These species have relatively low altitudinal limits. While citrus fruits have an altitudinal limit of 550 m on Etna's south-west flank (Chester et al. 1985) , the limit for vines and olives is 900 m (Testi 2003) . Thus, cultivation tends to occur below the 1,000 m contour and is controlled by aspect below this level. While citrus fruits tend to be grown mainly on the warmer, wetter, south and east flanks, vines are found on all flanks except for the arid west flank, and olives are mainly grown on the dry west and south-west flanks (Chester et al. 1985) , with olives found increasingly mixed with Indian fig as conditions become drier. Finally, pistachio is primarily cultivated on the west flank.
Population is dense, but unevenly distributed around the volcano (Fig. 1) , with the main population centres being located in the southern and eastern sectors of the volcano, as listed in Table 2 . The south-eastern sector includes the largest municipality on Etna, Catania. This municipality, as of 2008, had a population of 298,957 (Table 2) and covered an area of 180.88 km 2 (ISTAT 2008) to give a population density of 1,653 inhabitants per square kilometre.
On the basis of this agricultural and population distribution, we split the volcano into five sectors, each of which are characterised by different population densities and land cover types at risk from lava inundation:
• Sector 1 (N): Low population density (63 inhabitants/km 2 ), vine dominated.
• Sector 2 (E): Moderate population density (408 inhabitants/km 2 ), lemon dominated.
• Sector 3 (SE): High population density (1,940 inhabitants/km 2 ), urban with olive, plus orchards at higher elevations.
• Sector 4 (SW): Moderate population density (373 inhabitants/km 2 ), with olive, Indian fig and pistachio (orchards at higher elevations).
• Sector 5 (NW): Low population density (207 inhabitants/km 2 ), arid.
These five sectors are delimited on Fig. 1 , with the population of the municipalities contained within each sector being given in Table 2 . Sectors 2, 3 and 4 are the primary urban areas containing 95% of the population defined in Table 2 . Sector 3 is particularly urban containing 72% of Etna's population. Chester et al. (1985) , Puzzolo and Folving (2001) and Testi (2003) In terms of volcanic hazard, sector 1 includes the north sector of Behncke et al. (2005) , a sector that has witnessed one eruption every 13.5 years between 1600 and 2005. Sectors 2 and 3 coincide with the Behncke et al. (2005) south sector, a sector that has experienced one eruption every 15 years over the same period. Following the same study, sectors 4 and 5 have experienced one eruption every *50 years. Thus, in terms of historical eruption frequency, sector 1 is the most hazardous, closely followed by sectors 2 and 3, and finally sectors 4 and 5.
We next assess and quantify the specific land use types at risk from lava inundation by first running a lava flow inundation model to produce lava effusion rate contours and then overlaying these on a satellite-data-derived land classification map. This provides a twopart method by which the type and quantity of land at risk from lava flow inundation can be mapped and reported.
3 Method part I: iterative model runs for effusion rate contour generation Application of the FLOWGO model to generate the lava flow inundation map involves three steps: (1) identification of vent zones, (2) projection of likely paths for lava flows extending from the vent region and (3) estimation of the distance down each path a lava flow may extend at a given effusion rate.
Step 1: identification of vent zones
As a first step, we needed to define the starting points for our lava flow emplacement model runs. This involved definition of two vent zones. The first vent zone, as defined by Favalli et al. (2009a) , considers the 2,000-m contour as the limit for vent opening that typically feeds recent effusive activity. All lava flows active on Etna since 1989 have been fed by vents located above this elevation. The lowest vent active on Etna's south flank during the 2001 eruption, for example, opened at 2,100 m. This first vent zone limit is given in Fig. 2a . The second vent zone was defined by Guest and Murray (1979) and considers a zone within which there is more than one vent per km 2 . We use the version of Guest and Murray (1979) vent zone, modified by Favalli et al. (2009a) who remapped the vent distribution using scoria cone locations from LIDAR data. This vent zone limit is given in Fig. 2b . Although it would be most simple to use a single vent zone, we feel the use of two is more appropriate. All eruptions at Etna between 1975 and 2005, a total of 35, have occurred from vent locations above the 2,000-m elevation (Behncke et al. 2005) . The last eruption to occur from a vent below 2,000 m was that of 1974, which was fed by a vent Municipalities within each sector are sorted by population. Population density is given for each sector at 1,650 m (Behncke et al. 2005) . Thus, the 2,000-m vent zone appears most appropriate for current activity. However, the map of Guest and Murray (1979) shows that vents can open at lower elevations, thereby placing the source lower on the flanks and closer to, or within, sensitive natural and human populations. Del Carlo and Branca (1998) , for example, identify nine post 122 BC vents on Etna's SE flank between the 500 and 1,800-m elevations. Thus, we use the Guest and Murray (1979) vent zone for a worst case scenario assessment.
3.2
Step 2: projection of likely lava flow paths Next, we ran the lava flow path model from every pixel around the perimeter of each vent zone. To do this, we ran a downhill drainage model (e.g., Glaze and Baloga 2001) over a 10-m resolution DEM generated for Etna using LIDAR data collected in 2005 (Favalli et al. 2009a) . The flow path model was run iteratively from each pixel around the vent zone perimeter (i.e., every 10 m around the vent zone perimeter) following the stochastic approach of Favalli et al. (2005) . That is, downhill flow paths were projected from the edge of the vent zone to the edge of the DEM or sea level (whichever limit was encountered first). Random noise (i.e., a uniformly distributed random height variation with a maximum variation of Dh) was then added to the DEM at each pixel location and the flow path recalculated. Following Favalli et al. (2005), we used Dh of ±3 m and completed 1,000 iterations from each starting pixel.
3.3
Step 3: estimation of flow run-out
Finally, the FLOWGO model was applied to assess the distance down each flow line a channel-contained control volume of lava could extend at a given effusion rate. To do this, we used the FLOWGO thermal-rheological input parameters defined for Etna by Harris et al. (2007a) , coupled with the effusion rate fitting adaptation applied to FLOWGO by Rowland et al. (2005) . This assumes an initial (at-vent) square channel, of width w and depth d (so that w = d), and iterates on channel depth to obtain the required effusion rate. Note here that starting velocity (V) is obtained from channel depth and underlying slope . Thus, channel depth can be adjusted until a velocity is obtained that gives the required effusion rate (E r ), where (for the square channel case) E r = wdV = d 2 V. FLOWGO runs down each flow line were completed for a series of effusion rates (1, 10, 20, 30, 40, 50, 75 and 100 m 3 s -1 ). These effusion rate steps were selected as being typical of Etna's recent effusive activity. Peak effusion rates of between 15 and 25 m 3 s -1 were recorded during the early stages of Etna's 1991-1993 flank eruption (Calvari et al. 1994; Harris et al. 1997) , with 20-30 m 3 s -1 being witnessed during initial emplacement of lava flow unit LSF1 on Etna's south flank during the 2001 eruption (Behncke and Neri 2003; Coltelli et al. 2007 ). Highest effusion rates reported during the last 30 years at Etna were *130 m 3 s -1 during the March 1980 flank eruption (Guest et al. 1987) , 50-60 m 3 s -1
during the 1983 flank eruption (Frazzetta and Romano 1984; Harris et al. 2000) and 60-120 m 3 s -1 during fountain-fed phases of the 1999 summit eruption (Harris and Neri 2002) . However, effusion rates are typically between 1 and 10 m 3 s -1 during the later stages of flank eruptions (e.g., Frazzetta and Romano 1984; Calvari et al. 1994; Coltelli et al. 2007 ) and non-fountain-fed summit eruptions (e.g., Harris et al. 2000; Calvari et al. 2003; Lautze et al. 2004 ).
Output: effusion rate contours
Each flow line was then colour coded depending on the effusion rate (Fig. 2) . Finally, effusion rate contours were drawn linking run-out distances for runs of equal effusion rate. This was done for both the 2,000-m vent zone (Fig. 2a) and the Guest and Murray (1979) vent zone (Fig. 2b) cases. The result, as given in Fig. 2 , provides a quick look lava flow inundation hazard map for lava flows from any vent position and fed at effusion rates of between 1 and 100 m 3 s -1
.
Method part II: land classification using satellite imagery
To assess the type of land at risk from lava flow inundation, we completed a satelliteimage-based land classification (Fig. 3) . Land classification is a standard procedure in remote sensing whereby the multispectral information for each pixel in an image is analysed to identify, distinguish and group different land cover types (e.g., Mather 1987; Lillesand and Kiefer 1987) . As part of this process, pixels are assigned to a class (Mather 1987) or group (Lillesand and Kiefer 1987) depending on their characteristic spectral features. An unsupervised classification determines groups of pixels on the basis of non-overlapping spectral characteristics, so that each pixel group is termed a spectral class (Mather 1987) or cluster (Lillesand and Kiefer 1987) . Field work can then be carried out to assign each spectral class to a specific land cover type (Lillesand and Kiefer 1987) . This allows each pixel group to be related to an actual land cover type, so that the pixel groups can be termed information classes (Mather 1987) . To complete our land classification, as given in Fig. 3 , we used a cloud-free image obtained for Etna by the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) on 26 June 2004. ASTER collects data in three 15-m spatial resolution bands spanning the visible (VIS) to near-infrared (NIR) portion of the spectrum, and six 30-m spatial resolution bands spanning the short-wave infrared (SWIR). We first carried out an unsupervised classification that identified 15 spectral classes on the basis of their spectral features as recorded by ASTER's VIS, NIR and SWIR bands. A k-means classifier was used to identify spectral clusters in the image data. This algorithm uses a set of initial class means evenly distributed in the n-dimensional data space, then iteratively clusters image pixels into the nearest class using a minimum distance to means technique. With each iteration, new class means are calculated and the pixels are reclassified with respect to these new means. In this study, the iterative process ended when the number of pixels in each class changed by less than 2.5%. We converted the spectral classes to information classes through field work during June 2005. This involved a ground-based survey during which approximately 50 GPS-located field control sites were visited to check the land cover type associated with each spectral class. This allowed us to convert the spectral classes to information classes, so that each pixel grouping was assigned a land cover type. As part of this process, the number of classes was reduced to 12 by combining three of the 15 spectral classes into a single information class (vineyard, fruit and nuts) to avoid problems of misclassification.
The information classes could, in turn, be grouped into three categories: unvegetated (including urban, bare lava and lava with scattered shrub), natural vegetation (including woodland and grass) and agricultural. Within the natural vegetation category, Puzzolo and Folving (2001) distinguish eight types of woodland for Mt. Etna, as given in Table 1 . Although we distinguish between chestnut and oak/pine woodland, these being the dominant woodland species on Etna (accounting for 84% of the woodland species of Table 1) , we do not distinguish between the other woodland types of Table 1 . Within the agricultural category, although we could identify olives and lemons, we could not distinguish between vineyards, fruit orchards and nut plantations. Thus, these latter land cover types appear as a single class: vineyard, fruits and nuts. Within this class, fruits include apple, pear and berry, such as gelso nero (Morus nigra), as well as various Prunus species, such as apricot (Prunus armeniaca), peach (Prunus persica) and mandorlo (Prunus dulcis). Each of the categories, along with the information classes that comprise each category, are given in Table 3 . Note that the total area covered by the classification (*1,200 km 2 ) is a little less than Etna's actual area (1,260 km 2 ). This difference is due to a small strip of the edifice falling beyond the western edge of our ASTER image (Fig. 3) .
In July 2006, we completed a second field survey, again visiting around 50 GPS-located field control sites to check that assigned information classes matched the actual land cover type within each pixel. We found just two cases of misclassification, both of which were due to a land cover type being spectrally similar (at the wavebands considered) to a different class. The first zone of misclassification was located on pre-historic lavas on Etna's west flank SE of Bronte. This zone had been assigned to the vineyard-fruit-nuts information class, but was actually mixed woodland. The second zone was located on Etna's east flank on the 1651 flow field. This zone had also been assigned to the vineyardfruit-nuts information class, but consisted of sparse vegetation cover on lichen-covered lava. Both were reassigned to their correct information classes. Our corrected supervised classification is given in Fig. 3 which, in effect, represents a digital land cover map of Mt. Etna for June 2004. The proportion and area occupied by each land cover class was then plotted by sector (Fig. 4) and altitude (Fig. 5). 4.1 Output: merging of effusion rate contours and land classification maps The final step was to overlay the effusion rate contours onto the land classification map, as done in Fig. 6 . This allows visual assessment of the elevation, and hence land use, impacted by flows of increasing effusion rate. However, it gives no information about likely flow paths. Placing the full flow path map of Fig. 2 onto the land classification means that the flow path zones obscure the land cover information. Thus, to simplify matters and avoid obscuration of crucial information (i.e., the type of land that will fall within each effusion rate contour), we plotted the main drainage routes for lava flowing from each vent zone to the DEM edge, along with the effusion rate contours using a simple drainage model. The result is given in Fig. 7 . While the drainage routes give an idea of likely flow paths, as well as shadow zones where land is topographically protected from flow inundation, the effusion rate contours give a guide to how far down each route a lava flow will likely extend at a given effusion rate. We over-plotted these simplified effusion rate contour maps with individual information classes, where the urban class is plotted on Fig. 7 . This allows the location of each class to be assessed in relation to potential lava flow paths and effusion rate contours. Finally, the area of each land cover type within a given effusion rate contour was tabulated (Tables 4 and 5 ) and plotted (Fig. 8) . Of course, the simple drainage model given in Fig. 7 is not very informative in terms of likely flow inundation area. For an idea of the actual spread of likely flow paths from each vent zone, the analyst can turn to the maps of Fig. 2 in which the full flow path information is given. Alternatively, the model can be run from a single starting point to gain an idea of the likely coverage for a given eruption scenario, as done in Fig. 9 . Note, though, that projection of all of the possible flow paths for the Fig. 9 scenario (the result of 10,000 iterations) onto the land classification map now masks the land cover information. In short, if we project all of the flow lines over the classification map, we do not see any of the land type information. This is one reason why we adopt the effusion rate contour approach. (Fig. 2a) , and so are good cases against which to compare our model runs.
Of these cases, the 1981 flow was fed by the highest effusion rates (up to 128 m 3 s -1 , Guest et al. 1987) . It was thus able to extend to the base of the edifice at which point it moved into the Alcantara river channel. We therefore expect it to extend through our 100 m 3 s -1 contour that extends to the edge of the Etna volcanic zone, as it does (Fig. 2a) . Flow LSF1 was active during Etna's 2001 eruption and was fed for 42 days at timeaveraged discharge rates [see Harris et al. (2007b) for definition] that varied between 0.4 and 31 m 3 s -1 ). Time-averaged discharge rates of between 24 and 18 m 3 s -1 were obtained on 20 and 26 July . At this time, the maximum flow length of 6.4 km was attained. Thus, we expect the mapped flow front to coincide with our 20 m 3 s -1 contour, which it does (Fig. 2a) . A mean output rate [see Harris et al. (2007b) (Harris, unpublished data) . This is consistent with flow front for this lava attaining our 20 m 3 s -1 contour (Fig. 2a) .
Etna's 2004-2005 was characterised by eruption of degassed lava from two vents at 2,640 and 2,345 m on Etna's east flank to build a compound lava flow field of many overlapping units. After 3 months of eruption, lava volumes were estimated to be between 18.5 and 32 9 10 6 m 3 to give a mean output rate averaged over the 3-month period of 2.3 and 4.1 m 3 s -1 . Again, actual effusion rates would have been higher at times, with a maximum effusion rate in the range 4.4-5.9 m 3 s -1 being recorded on 5 February 2005, with values between 4 and 5 m 3 s -1 being quite common during January (Harris, unpublished data) . Although this is roughly consistent with the flow field lying largely between our 1 and 10 m 3 s -1 contours (Fig. 2a) , for the 2004-2005 case, we do appear to underestimate the actual flow field length. This may result from the fact that this was a compound flow field, which at times was fed by a complex tube system . FLOWGO is a model for channel-fed flow, where the development of tubes or well-insulated flow will mean that the lava will have the potential to travel further before reaching is cooling-limited extent at any given effusion rate (Harris and Rowland Rowland et al. 2005) . Fits between model simulations and field data for single, channel-fed units active within this eruption are, however, excellent if appropriate insulation conditions are used, and if single channel-fed flow units active within the flow field are considered (Harris et al. 2007a ). We therefore note that our maps are appropriate for assessing the likely inundation during poorly insulated, channel-fed flow events, and are not appropriate for assessing the impact of well-insulated or tube-fed flow.
Effusion rate contours: flow inundation hazard
On the south flank, eruptions from the 2,000-m vent zone at 40 m 3 s -1 cause lava to extend roughly half the distance between the vent zone and the edge of the volcanic pile, with the 40 m 3 s -1 effusion rate contour roughly coinciding with the 750-m elevation contour (Fig. 2a) . This means that anything below this elevation should be safe from inundation by channel-fed flow extending from the 2,000-m elevation at \40 m 3 s -1
. The situation is different on the north flank. Here, flows fed from the 2,000-m elevation vent zone at 40 m 3 s -1 extend more or less to the edge of the volcanic pile. To some extent, this is due to the shorter distance between the 2,000-m vent zone and the edge of the pile on the northern flank when compared to the south. If we consider this in terms of the hazard posed to urban areas (Fig. 7a) , we find that most towns lie below the 40 m 3 s -1 effusion rate contour for the 2,000-m vent zone, the exceptions being the west flank towns of Adrano, Biancavilla and Ragaina plus all north flank towns (i.e., the sector 1 municipalities of Table 2 ). The effusion rate contour maps of Fig. 2 show that any flow erupted at 100 m 3 s -1 from the 2,000-m vent zone has the capability to extend to the edge of the volcanic pile, meaning that all communities on the volcano are at risk from such high effusion rate events, as revealed by the run-out of the 1980 flow (Fig. 2a) . Of course, some zones are topographically protected from lava flow inundation, as revealed by the grey (flow-path free) zones of Fig. 2 . However, inspection of Fig. 7 shows that very few towns do not have drainage paths running through, or near, them.
Because the Guest and Murray (1979) vent zones are located at lower elevations, lava flow contours for runs from this zone are pushed to lower elevations (Fig. 2b) . Consequently, the 20 m 3 s -1 effusion rate contour now moves down to around the 750-m elevation on the south flank and the 30 and 40 m 3 s -1 effusion rate contours to around the 250-m elevation. Thus, all zones above this elevation are at risk from lava flows extending from the edge of the Guest and Murray (1979) vent zone at 30-40 m 3 s -1 . On the north flank, the 30 and 40 m 3 s -1 contours extend more or less to the edge of the volcanic pile. In terms of hazard to urban areas, inspection of Fig. 7b shows that this puts many towns at risk from effusive events fed to 30-40 m 3 s -1 from sources within the Guest and Murray (1979) vent zone. For effusion rates higher than this, all towns are at risk, with the 100 m 3 s -1 effusion rate contour again extending to the edge of the volcanic pile. Note that for the Guest and Murray (1979) vent zone case, the 100 m 3 s -1 flow extends a little further in some places than for the 2,000-m vent zone case to impact slightly more distant communities (c.f., Fig. 2a, b ).
6 Results 2: land classification and land cover distribution around the volcano Our land classification results show how we can use remote sensing data to appraise the type and quantity of land at risk from lava flow inundation. The land classification now allows us to precisely quantify the variations in land cover, both by sector and by elevation. Fig. 8 Amount of each land cover type falling above each effusion rate contour of Fig. 6 for (a) the 2,000-m vent zone, and (b) the modified Guest and Murray (1979) vent zone It thus allows the quantity and type of land at risk from lavas active in a given sector, and/ or extending to given elevations, to be measured.
Variation of land cover by sector
If we examine our land classification by sector, we can quantify the mix of land cover at risk from lava flow inundation within each of the sectors defined in Fig. 1 . Given the aspect and altitudinal controls on Etna's land use already described, the balance of this mix varies around the volcano as illustrated in Fig. 4 and quantified in Table 3. Sector's 2, 3 and 4 are Etna's primary agriculture sectors, accounting for 81% of Etna's total area assigned to the agricultural land cover category. As is apparent in Fig. 4 , the mix of agricultural land cover varies as we move from sector 2 (lemon dominated), through sector 3 (vineyard, fruit, nuts and olives) to sector 4 (vineyard, fruit and nuts). Sector 1 has a reasonable area of agricultural land cover (53.1 km 2 , Table 3 ), with vineyards, fruit and nuts being the dominant agricultural land cover, accounting for 14% of the cover for this sector. Land cover for both sectors 1 and 5 is dominated by unvegetated land, especially lava desert (Fig. 4) , with the two sectors accounting for 46% of the bare lava class defined on Etna (Table 3) .
The natural vegetation category is roughly evenly distributed around the volcano (Fig. 4) , typically accounting for between 80 and 87 km 2 of cover in sectors 1 through 4. However, the amount is lower (55 km 2 ) in sector 5 (Table 3) . Within the natural vegetation category, cover is dominated by the chestnut and oak/pine classes, with both classes being fairly evenly distributed around the volcano (Fig. 4) .
Variation of land cover by elevation
If we examine our land classification by elevation, we can appraise the mix of land cover at risk from lava extending down the volcano's flank and thereby attaining increasingly low Fig. 9 Results of FLOWGO simulation runs from (1) M. Gorna (eastern flow zone) and (2) M. Rossi (western flow zone). Zone of lava inundation is given in pink and is overlain on the ASTER-derived land classification map of Fig. 3 elevations. As plotted in Fig. 5 , the balance of this mix varies with elevation, a result of the altitudinal control on vegetation.
Generally, cultivation is limited to below the 1,000-m contour with 95% of the agricultural land category occurring at elevations of B1,000 m. Hence, a lava flow has to extend to below 1,000 m to impact agriculture. However, there are some differences between each class within our agriculture category. Between sea level and 250 m, lemons are the most dominant of all land cover types. The incidence of lemon groves declines rapidly with elevation so that they are not found above the 500-750 m elevation zone (Fig. 5) . Thus, only lava flows extending to low (\750 m) elevations will impact lemon groves. Olives, in contrast, can grow up to 900 m (Testi 2003) . Hence, the decline in area covered by olives with elevation mirrors that of lemons, but extends to higher elevations (Fig. 5) . Cultivation of fruit, nuts and vines extends to the highest altitude zone of the three agricultural types, being found within the 1,250-1,500 m zone (Fig. 5) . This is consistent with some varieties of fruit, such as pear and apple being capable of growing at elevations of up to 1,200 m (Testi 2003) . Thus, our fruit, nuts and vines class is the most widespread agricultural class by area and elevation on Etna (Fig. 5) . Figure 5 shows urban cover is also limited to lower elevations, with 49% of our urban class being located below the 250 m contour, 78% below 500 m and 98% below 750 m. Less than 0.1% is located above the 1,000-m contour. Thus, a lava flow has to extend to below 750 m to impact urban zones.
The area occupied by our natural vegetation classes increases with elevation as agricultural and urban cover decreases (Fig. 5) . Above 1,000 m, the natural vegetation category dominates land cover. This is consistent with woodland facing less competition from urban and agricultural land uses at higher elevations. The altitudinal limits for chestnut and oak-pine at Etna (Table 1) mean that both classes are absent above 2,000 m, with the incidence of chestnut dying out first (Fig. 5 ). Land cover above 2,000 m comprises lava desert (Fig. 5) . Thus, lava flows remaining above 2,000 m will solely impact pre-existing lava flow and scoria fields, along with rare pioneer species.
7 Discussion: lava flow inundation hazard at Mt. Etna Whether a given land cover type is at risk will depend on its location in relation to the source vent and lava flow path, as well as effusion rate, as can be assessed using the effusion rate contours. Effusion rate contours overlain on the land classification map are given for the 2,000-m vent zone in Fig. 6a and for the Guest and Murray (1979) vent zone in Fig. 6b . In addition, the area of each land cover type within (above) each effusion rate contour is given in Tables 4 and 5 and is plotted in Fig. 8 . Because higher effusion rates cause lava flow to extend further (Walker 1973) and thereby attain lower elevation, the land type area inundated increases with effusion rate (Fig. 8) , inverting the trend apparent in the land type area with elevation plot (Fig. 5 ). Note that a flow fed at 20 m 3 s -1 down a given flow path will cover the same ground inundated by flows extending down the same path at 1 and 10 m 3 s -1 , as well as new ground. In turn, a flow fed at 30 m 3 s -1 will cover the same ground as the 20 m 3 s -1 flow, plus new ground. Thus, the plot of lava flow inundation area with effusion rate is cumulative (Fig. 7) .
7.1 Land at risk from eruptions extending from the 2,000-m vent zone For the 2,000-m elevation vent zone (Fig. 8a) (Table 4) . Of the agricultural category, the vineyard-fruit-nut class (being the agricultural class capable of growing at highest elevations) is the first to suffer potential impact (Fig. 8a) , with 6% of this class lying within the 10 m 3 s -1
contour and 25% within the 20 m 3 s -1 contour (Table 4) . Both the lemon class and the olive class begin to register within the 20 m 3 s -1 contour (Fig. 8a) , with the area of all agricultural categories contained within a particular contour increasing steadily with effusion rate for all contours thereafter, with 100% of all agricultural categories falling within the 100 m 3 s -1 contour (Table 4 ). The urban class does not register until the 30 m 3 s -1 contour (Fig. 8a) , although this contour contains just 3% of the urban area. The 40 m 3 s -1 contour still only contains 13% of the urban area, but the 100 m 3 s -1 contains 100% of the urban area located on Etna (Table 4 ). In short, for the 2,000-m vent zone:
• Lava flows fed at \10 m 3 s -1 will only spread over lava desert. Guest and Murray (1979) vent zone is located closer to, or in some cases within, wooded and cultivated zones, some non-barren-lava types actually occur within the vent zone itself, as well as within the 1 m 3 s -1 contour (Fig. 8b) . As a result, the 10 m 3 s -1 contour also contains much more vulnerable woodland and agricultural land than the same contour on the 2,000-m vent zone map (c.f. Tables 4 and 5 contour containing 100% of the urban area. The 100 m 3 s -1 actually contains 100% of Etna's area, and hence, all land cover types. In short, for the Guest and Murray (1979) vent zone:
• Lava flows fed at 1-10 m 3 s -1 have the potential to extend into woodland and agricultural zones.
• Lava flows fed at 20 m 3 s -1 have the potential to extend into most of Etna's woodland.
• Lava flows fed at [20 m 3 s -1 have the potential to extend into agriculture and urban zones, with the potential for impact (in terms of vulnerable area within each contour, Table 4 ) increasing with effusion rate.
Land at risk from specific eruptions
The approach can also be run in a more case-specific style to either (1) assess the potential inundation of a hypothetical flow from a single vent location and effusion rate, or (2) project the likely inundation zone during an ongoing eruption. In the latter case, projecting the simulations over the land cover map would allow a rapid assessment of the type and area of land at risk as soon as the vent location and effusion rate are known. By way of example, we ran two simulations from within the Guest and Murray (1979) vent zone. The first simulation was from the Monte Gorna cinder cone at an elevation of 850 m on Etna's NE flank, the second was from the Monte Rossi cone at an elevation of 940 m on the same flank (Fig. 9) . While Monte Gorna is attributed to Etna's 396 BC eruption, Monte Rossi was active in 1669 (Del Carlo and Branca 1998) . The simulations were run to the coast using Dh of 3 m and 10,000 iterations; both took less than a minute to run. Results are given in Fig. 9 . In both cases, the low elevation of the vents places the lava source within populated and cultivated zones, the Monte Rossi vent is actually in the town of Nicolosi and was the vent for the 1669 flow that inundated Catania. Figure 9 shows that while the Monte Rossi flows present an inundation hazard for the Communes of Nicolosi, Belpasso, Misterbianco and Catania (see also Crisci et al. 2004) , those of Monte Gorna extend through Acireale. The inundation statistics for the two simulated flows are given in Table 6 . These show that the Monte Gorna simulation inundates 12 km 2 of land, with impact weighted towards agricultural land uses (Fig. 10) . The Monte Rossi simulation, on the other hand, inundates 46 km 2 of land, with impact weighted towards urban land uses, although olives face significant inundation problems (Fig. 10) .
Conclusion
Our effusion rate contour maps are designed to provide a quick look-up capability to assess where and how far a lava flow, extending from a given vent zone location and at a known effusion rate, will spread. We give no assessment as to the likelihood of a certain point within each effusion rate contour being attained. This is the role of probabilistic maps, such as that provided for lava flow inundation at Mt. Etna by Favalli et al. (2009a) or Crisci et al. (2010) . Instead, what we aim at is a complete map that encompasses any effusive eruption eventuality, i.e., a quick look-up map that will reveal the inundation potential for any point on the volcano from any vent location and erupting at any effusion rate, no matter what the probability of that vent location, flow path and effusion rate combination. As a result, our map should be flexible and generally applicable to any effusive eruption from any likely vent opening point. The use of the effusion rate contours with a satellite-derived land classification map allows an assessment of both the type and area of land cover at risk from lava inundation. The advantage of using satellite data as the basis for the land cover map is that it can be frequently, and easily, up dated (with each cloud-free satellite overpass if necessary) to take into account developing distributions of land cover. In addition, it is flexible, where such maps can be created for any point on the Earth's surface. As such, the approach can be extended beyond Etna, especially to locations where adequate land use maps are lacking. It can also be extended to other volcanic hazard types (e.g., inundation by mud or debris flow) or scenario's, such as the potential of sea level rise to endanger habitat on low elevation islands (e.g., Baker et al. 2006) .
It is well known that mapping of past volcanic flows (including pyroclastic and lava flows) can be incorporated into geographical information systems, containing land use and infrastructure layers, to allow assessment of the hazard posed to infrastructure and urban areas by flow ingress (e.g., Kauahikaua et al. 1995; Trusdell 1995; Lirer and Vitelli 1998; Gomez-Fernandez 2000; Pareschi et al. 2000; Behncke et al. 2005; Bisson et al. 2009 ). We show here that simulations completed using reliable flow emplacement models, when integrated with satellite-based land classification maps, allow input of critical layers of information for use by the hazard manager to assess the type and area of land at risk from lava flow inundation. This may be used to guide hazard response efforts in terms of planning an appropriate response, formulating mitigation, modification, and relief efforts, as well as assessing potential loss and replacement costs.
